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Polypyrrole nanowires are facile synthesized under a mild condition with FeCl3 as an oxidant. Polypyrrole
nanowires with the width of 120 nm form many nanogaps or pores due to the intertwined nanos-
tructures. More importantly, PPy nanowires were further applied for supercapacitor electrode materials.
After electrochemical testing, it was observed that the PPy nanowire based electrode showed a large
speciﬁc capacitance (420 F g1, 1.5 A g1) and good rate capability (272 F g1, 18.0 A g1), which is
larger than that of most of published results. The as-prepared electrode can work well even after 8000
cycles at 1.5 A g1.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the modern energy area the development of novel materials
for energy storage sources is the basis aspect. Recently, electro-
chemical capacitors (ECs or supercapacitors) are fast-rising as new
and promising candidates for energy storage devices with regard
to the unique features of long service life, high energy density,
satisﬁed power density, and environmental friendliness [1–5]. The
superior speciﬁc capacitance and fast redox kinetics of pseudo-
capacitors make supercapacitors come out on top of various en-
ergy devices [6–9]. Recently, conducting polymers (CP), as a type
of pseudo-capacitive materials, have attracted great interest on the
recent developments in this most exciting ﬁeld, especially poly-
pyrrole (PPy). Due to its good environmental stability, high and
controllable electrical conductivity, PPy is promising and has been
the subject of much research as a supercapacitor electrode mate-
rial among the conducting polymers used in a wide range of ap-
plications [1–14], such as actuators [15], chemical and biological
sensors [16], corrosion resistance [17], light-emitting diodes [18],
advanced batteries [19], and electrochemical capacitors [20,21].
Usually, PPy can be typically prepared through both chemical and
electrochemical oxidation of the monomer with the coincident
insertion of a dopant ion. The dopant level inﬂuences itsy. Production and hosting by Elsev
als Research Society.theoretical speciﬁc capacitances. PPy, with dopant level of 0.33,
has a theoretical speciﬁc capacitance of 620 F g1. However, the
pure PPy-based supercapacitors generally offer the speciﬁc capa-
citance of 100–400 F g1 [22–23] Thus, it is still challenging to
achieve high capacitance of PPy-based supercapacitors for the
needs of the modern energy demand.
As the development of nanoscience, the micro/nanostructure
and the morphology of the electrode material have a signiﬁcant
impact on the energy storage. Synthesis and application of micro/
nanomaterials are the effective way to enhance corresponding
electrochemical properties [24]. The electrochemical storage ca-
pacity of PPy has been reported varying with its morphology,
particle sizes and speciﬁc surface areas. And a chemical oxidation
polymerization is usually performed in the phase interface or with
the help of surfactant to control the ﬁnal morphology of the
conducting polymer [25–27].
Nanowires, one of the one dimensional (1D) nanostructures,
are ideal building blocks for functional nanoscale devices and
comprising a conﬁgured channel for carrying charge and exciton
efﬁciently [28,29]. Commonly, the electrical conductivity is very
important for electrode materials and improved electrical con-
ductivity can increase effective utilization of the active materials
and depress the internal resistance of the capacitors [30]. There-
fore, for materials scientists and researchers in the ﬁeld of mate-
rials engineering, it is the most sensible approach to prepare na-
noelectrode materials with one-dimensional nanostructures for
their research on material performances.
In this work, we have successfully prepared PPy nanowiresier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. a) XRD patterns of PPy nanowires and b) Corresponding FTIR spectra.
Fig. 2. SEM images of the as-prepared samples.
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were intertwined together, which formed many nanogaps or
pores. More importantly, PPy nanowires were further applied for
supercapacitor electrode materials. After electrochemical testing,
it is seen that the PPy nanowire based electrode shows a large
speciﬁc capacitance (420 F g1, 1.5 A g1), good rate capability
(272 F g1, 18.0 A g1). The as-prepared electrode can work well
even after 8000 cycles at 1.5 A g1.2. Experimental section
2.1. Material
Pyrrole (Py) and Ferric chloride hexahydrate (FeCl3 6H2O) used
as oxidants were bought from Sinopharm Chemical Reagent Co.,
Ltd, China and Pyrrole was used after distillation. Methyl orange
(MO), used as dopants in the polymerization of pyrrole, was pur-
chased from Shannxi Chemical Reagent Co. Ltd, China. Except for
Py monomer, all the reagents were of analytical grade and used as
received.
2.2. Characterization
Fourier transform infrared (FTIR) spectra were collected on a
Bruker FTIR Equinox 55 spectrophotometer using KBr pellets. The
morphologies of PPy samples were observed by a scanningelectron microscope (SEM; JSM6701F, Japanese electronics, Japan).
X-ray diffraction (XRD) of the samples were performed on a Ri-
gaku-Ultima III with Cu Kα radiation (λ¼1.5418 Å). Nitrogen ad-
sorption-desorption measurements were carried out on a Gemini
VII 2390 Analyzer at 77 K.
2.3. Electrochemical measurements
Electrochemical performance of the as-prepared electrodes
were tested through a CHI 660D electrochemical working station
(Shanghai Chenhua Instrument, Inc.) with a conventional three-
electrode system, using a platinum foil as counter electrode and a
saturated calomel electrode (SCE) as reference electrode, respec-
tively. Before electrochemical measurement three-electrode sys-
tem was purged with inert gas-Ar to remove the O2 from the
electrolyte solution. The working electrode was prepared using a
slurry coating procedure. The slurry consisted of active materials
(PPy nanowires), acetylene black, and PTFE (polytetra-
ﬂuoroethylene) with a weight ratio of 80:15:5. The slurry was
coated on a piece of nickel foam of about 1 cm2. The foam was
then compressed to be a thin foil at the pressure of 5.0 MPa. A
mass loading of PPy nanowires is about 5 mg. The electrolyte was a
1.0 M Na2SO4 solution.
2.4. Synthesis of PPy nanowires
In a typical procedure, MO (0.3 g) was dissolved in 200 mL
deionized water in a round-bottom ﬂask. Py (0.70 mL) was then
added to form the mixture A. Ferric chloride hexahydrate (2.7 g)
Fig. 3. SEM image of as-prepared formless PPy particles a)without MO and b) with
0.15 g MO.
Fig. 4. a) N2 adsorption-desorption isotherms of the as-prepared PPy nanowires,
and b) The pore-size distribution curve.
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oxidant solution B was added dropwise to the mixture A in a 300-
mLbeaker. The polymerization proceeded at 25 °C and was stirred
for 24 h. The as-prepared products were collected by ﬁltration and
washed using Soxhlet extractor, water and ethanol were used as
medium respectively to remove the oxidant, MO and oligomers.
Finally, the PPy powder was dried at 60 °C for 12 h in a vacuum
oven.3. Results and discussion
3.1. Characterization
XRD patterns of as-prepared PPy nanowires are shown in Fig. 1
(a). The sample shows a peak at around 26.0, characteristic of PPy.
The FTIR spectra of as-synthesized PPy nanowires are illustrated in
Fig. 1(b) and the inset one. In the inset of Fig. 1(b), a broad band
centered at 3000–3500 cm1 due to the N-H stretching vibration
of pyrrole units in polymers. The two peaks at 1544 cm1 and
1452 cm1 can be assigned to the asymmetric and symmetric
stretching vibrations of Py rings, respectively [31]. The band at
about 1305 cm1 is attributed to the C-N stretching in Py rings of
the PPy backbones [32]. The obvious peak at 1183 cm1 reﬂect the
C-H stretching vibration of Py rings, while the relative absorption
intensity at 1040 cm1 and 920 cm1 are proposed to be C-H in-
plane deformation and C-H out-of-plane deformation, respectively
[33]. The upward peaks in FTIR around 1040 cm1 and 920 cm1can imply the doping state of polypyrrole [34].
Fig. 2 shows the SEM images of the as-prepared sample.
The product shows the one dimensional morphology, which is
intertwined together in Fig. 2(a). In Fig. 2(b), it is seen that the
width of as-prepared PPy nanowires is round 120 nm, and it fur-
ther conﬁrms many nanogaps or pores due to the intertwined
nanowires.
Without FeCl3, the PPy could not be obtained. The oxidation of
Py with FeCl3 produces PPy only in globular form in absence of MO
(Fig. 3(a)) or with a small amount of MO to 0.15 g (seen in Fig. 3
(b)). It is proposed that MO affects the morphology of PPy which
acts as the template-agent. The unique molecular structure of MO
contains a sulfonic group and an organic moiety with azo group,
which is hydrophilic and hydrophobic respectively. The structure
provides MO in aqueous media with features of anionic surfac-
tants, assumed to form supermolecular structures, aggregation in
cylindrical shape and the sulfonic groups of MO were exposed
outside. In the following oxidation polymerization, these sulfonic
groups would serve as counterions for the polymer chains, which
form one-dimensional PPy nanowire around this template [34].
To have a deeper understanding of the speciﬁc surface area of
PPy nanowires, Brunauer-Emmett-Teller (BET) measurements
were performed. And the N2 adsorption-desorption isotherms of
PPy nanowires are shown in Fig. 4(a). The BET surface area of PPy
nanowires is 287 m2 g1. The pore-size distribution was obtained
from the desorption isotherm using the Barrett-Joyner-Halenda
(BJH) method and was presented in the Fig. 4(b). The average pore
diameter of the sample is round 4 nm, which is attributed to the
wire structures assembled or folded. As widely reported, a high
Fig. 5. a) Cyclic voltammetry experiments within a 0.20–0.50 V range at a scan rate of 10–50 mV s1 were performed on the PPy nanowire electrodes in 1.0 M Na2SO4
electrolytes at room temperature, b) The galvanostatic charge-discharge curves of the PPy nanowire at current densities of 1.5–18.0 A g1 in 1.0 M Na2SO4 electrolytes, c)
speciﬁc capacitances of the PPy nanowire electrodes derived from the discharging curves at the current density of 1.5–18.0 A g1 in 1.0 M Na2SO4 electrolytes, and d) charge-
discharge cycling test at the current density of 1.5 A g1 in 1.0 M Na2SO4 electrolytes.
Fig. 6. EIS for were performed on the PPy nanowire electrodes in 1.0 M Na2SO4
electrolytes at room temperature.
Fig. 7. Discharging curves and the speciﬁc capacitance at different current den-
sities of a two-electrode device by two PPy nanowire electrodes in a 1.0 M Na2SO4
electrolyte.
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nels and surface-interfaces for contacting the electrolyte and fa-
cilitate the ion transport [35].3.2. Electrochemical characterization
The electrochemical properties of the prepared PPy nanowires
as electrode materials were tested by CV measurements (a mass
J. Zhao et al. / Progress in Natural Science: Materials International 26 (2016) 237–242 241loading of 5 mg) in a 1.0 M Na2SO4 electrolyte at different scan
rates in the range 10–50 mV s1 (Fig. 5(a)). The approximately
rectangular shape of CV curve indicates a good pseudocapacitance
performance with symmetrical redox behavior.
Chronopotentiometry (CP) curves at different current densities
are shown in Fig. 5(b). The charging-discharging curves show well
symmetrical characteristic, which indicates that the PPy nanowire
electrodes have good capacitive behavior and the redox process
are reversible. Fig. 5(c) presents the speciﬁc capacitances calcu-
lated by CP curves under different current densities. It can be seen
in ﬁgure that PPy nanowire electrodes possess a large speciﬁc
capacitance as high as 420 F g1 at a current density of 1.5 A g1
and can achieve a higher speciﬁc capacitance of 272 F g1 even at
a current density of 18.0 A g1. The speciﬁc capacitance of PPy
nanowire electrodes is better than some previous results such as
PPy hollow microspheres-146.4 F g1 [27], core-shell structured
PPy/carbon nanotubes nanocomposites-228 F g1 [36], and poly-
pyrrole ﬁlms-261 F g1 [37].
It is very important for the electrode materials of a super-
capacitor to provide good cycleability and stability. Especially for
conducting polymers, volume changes are often induced by the
insertion and removal of counter-ions in the oxidation and re-
duction process, which will cause the deterioration of cycle sta-
bility. Supercapacitors require the speciﬁc capacitance of electrode
materials to be maintained in the cycling of charge-discharge. The
speciﬁc capacitance of PPy nanowire electrodes varying with the
cycling number are given in Fig. 6(d). It exhibits excellent speciﬁc
capacitance retention under 1.5 A g1. PPy nanowire electrodes
showed a nearly constant speciﬁc capacitance as its initial value
over a thousand charge-discharge cycles. More importantly, PPy
nanowire electrodes exhibited good cycling stability with a 97.9%
initial capacitance retention after 8000 continuous charge-dis-
charge cycles. The obtained cycle life is better than previous re-
sults [27,36,37].
The charge-transfer resistance of the PPy nanowire electrode
was determined by ZSimpWin software. The calculated result
shows that the charge-transfer resistance value of the PPy nano-
wire electrode is 7.8Ω (Fig. 6), indicating a low charge-transfer
resistance of the PPy nanowire electrode.
We also have prepared a two-electrode device by two PPy
nanowire electrodes in a 1.0 M Na2SO4 electrolyte. The discharging
curves and the speciﬁc capacitance at different current densities
are presented in Fig. 7. The speciﬁc capacitance is 155 F g1 at
1.5 A g1, and even at 5.0 A g1 the device also can offer the
speciﬁc capacitance of 101 F g1.
The above results of electrochemical measurements illustrate
the excellent super-capacitive properties of the PPy nanowire in
terms of speciﬁc capacitance, rate capability and cycling stability.
Of particular note is the outstanding electrochemical performance
of the PPy nanowires for supercapacitors comparing with some
other reported nanostructured PPy materials. We attribute these
excellent properties to the desirable nanostructure. Speciﬁcally,
the primary PPy nanowires provide the electrode materials with
high electrochemical activity (conductivity: 5–8 S cm1) and re-
latively high active surface area, while the secondary intertwined
networks in micrometer dimensions prevent the undesirable vo-
lume change caused by agglomeration and ensure the stability of
the porous structure. It should be pointed out that the abundant
pores are of great signiﬁcance for the electrochemical processes.
The highly intertwined network results in relatively easy pene-
tration of the electrolyte into the active materials and hence fa-
cilitates the redox reactions on the surface or near-surface region,
and guarantees a relatively high electroactive surface area. Thus
high speciﬁc capacitance can be obtained even at high rates. This
could also better explain the superior performance of the PPy
nanowire.4. Conclusions
In summary, unique PPy nanowires have been successfully
synthesized through chemical oxidative polymerization method.
More importantly, PPy nanowires show novel surface-interface
condition due to the intertwined structure, which plays a key role
in the electrolyte accesses and electrochemical doping/de-doping
processes. The measurement of electrochemical properties of PPy
nanowires is an important work, which successfully illustrates PPy
nanowire materials can be applied as an active material for su-
percapacitor electrodes. The speciﬁc capacitance of PPy nanowires
materials is much larger than some previous materials, and it is a
good example to prove that the morphology and structure have an
inﬂuence on the physical and chemical properties of the electro-
active materials, and we can tailor the electrochemical perfor-
mance of materials via precisely controlling of morphologies of
nanomaterials. Exploring the electrochemical performance of no-
vel nano/micromaterials might direct a new type of supercapacitor
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